A serine proteinase (ycaB) from the yeast Candida albicans A.T.C.C. 10261 was purified to near homogeneity. The enzyme was almost indistinguishable from yeast proteinase B (EC 3.4.21.48), and an Mr of 30000 for the proteinase was determined by SDS/polyacrylamide-gel electrophoresis. The initial site of hydrolysis of the oxidized B-chain of insulin, by the purified proteinase, was the Leu-Tyr peptide bond. The preferential degradation at this site, analysed further with N-blocked amino acid ester and amide substrates, demonstrated that the specificity of the proteinase is determined by an extended substrate-binding site, consisting of at least three subsites (S,S, and Si). The best p-nitrophenyl ester substrates were benzyloxycarbonyl-Tyr Cell-free extracts contain a heat-stable inhibitor of the proteinase.
INTRODUCTION
The proteolytic system of the yeast Saccharomyces cerevisiae includes four proteinases [Saccharomyces aspartic proteinase, commonly proteinase A (EC 3.4.23.6), yeast proteinase B (EC 3.4.21.48) , proteinase D and proteinase yscE], two carboxypeptidases [carboxypeptidase Y (EC 3.4.16 .1) and carboxypeptidase S (EC 3.4.17.9)] and three aminopeptidases (Wolf, 1980) . Recent evidence points to the existence of many additional, as yet uncharacterized, proteolytic enzymes (Achstetter et al., 1984) . Carboxypeptidase Y and proteinases A and B are located in the vacuole, and the cytoplasm contains proteins (IC, IA, IB) that specifically inhibit these enzymes. Carboxypeptidase S and two ofthe aminopeptidases are also located in the vacuole, but no cytoplasmic inhibitors of these enzymes are known. During sporulation proteinase B is required for general protein degradation and spore dispersal (Zubenko & Jones, 1981 ).
An extracellular aspartic proteinase (EC 3.4.23.6) produced by Candida albicans has been extensively studied (Remold et al., 1968; Ruchel, 1981; Negi et al., 1984) , but the intracellular proteolytic system of this dimorphic yeast has received little attention. A proteinase with optimum activity at pH 6.6 (Chattaway et al., 1971) and two cytoplasmic enzymes, a metal-ion-dependent aminopeptidase and a dipeptidase (Logan et al., 1983) , have been reported. The present paper reports the purification and characterization from C. albicans of yeast proteinase B, referred to below as proteinase ycaB to distinguish it from the enzyme isolated from S. cerevisiae (proteinase yscB) (Achstetter et al., 1984) .
EXPERIMENTAL Materials
Radiochemicals were from Amersham International, Amersham, Bucks., U.K. All other materials were from Sigma Chemical Co., St. Louis, MO, U.S.A., unless stated otherwise. The organomercurial-agarose (Affi-Gel 501; Bio-Rad Laboratories, Richmond, CA, U.S.A.) bound 4,mol of 5-thio-2-nitrobenzoic acid/ml ofpacked gel (Sluyterman & Wijdenes, 1974) . After use the Affi-Gel 501 was regenerated as described by Russell & Pollack (1978) .
Triton/toluene/ethanol scintillant was prepared from 700 ml of toluene, 300 ml of Triton X-100, 100 ml of ethanol and 2.5 g of 2,5-diphenyloxazole. For samples containing trichloroacetic acid, the counting efficiency was determined by reference to a quench curve. For samples containing NaOH the counting efficiency was determined by the addition of internal standard to the sample.
SDS/polyacrylamide-gel electrophoresis
A modification (Schep et al., 1984) of the method of Laemmli & Favre (1973) for SDS/polyacrylamide-gel electrophoresis was performed with the mini-gel apparatus described by Matsudaira & Burgess (1978) . The separating gel was 5-15% (w/v) acrylamide. Samples (up to 15 A1) mixed with phenylmethanesulphonyl fluoride (80 nmol) and diluted with 20,1 of sample buffer [62.5 mM-Tris/HCl buffer, pH 6.8, containing 80 mM-2-mercaptoethanol, 3% (w/v) SDS, 2 M-urea (deionized), heated at 80°C for 3 min. Gels were stained with Coomassie Brilliant Blue, scanned, destained and stained with silver (Morrissey, 1981) . H.p.l.c.
Reverse-phase chromatography. Peptides were separated under the conditions described by Murphy et al. (1983) except that the solvent was a linear gradient of0.1 % (v/v) trifluoroacetic acid in 0-50% (v/v) acetonitrile.
Gel-permeation chromatography. Proteins were separated on a TSK-gel G3000SW column essentially as described by Templeton et al. (1984) . Standard proteins used to calibrate the column were ovalbumin (Mr 45 000), /l-lactoglobulin (Mr 36 800), carbonic anhydrase (Mr 29000) and myoglobin (Mr 16700). Protein and carbohydrate determinations After precipitation of the protein with trichloroacetic acid (Peterson, 1977) protein was determined by a modified Lowry method (Eggstein & Kreutz, 1967) . The protein concentration of the purified proteinase preparation was measured by the method of Bradford (1976) . Crystalline bovine serum albumin was used as a standard. Carbohydrate was determined by using the phenol method described by Herbert et al. (1971) .
Peptide analysis
After dansylation (5-dimethylaminonaphthalene-1 -sulphonylation) and acid hydrolysis (Gray, 1972 ) the dansyl-amino acids were identified as described by Tatemoto (1982) . Peptide hydrolysates [110°C for 24 h in 6 M-HCI containing 1 % (w/v) phenol] were analysed as described by Templeton et al. (1984 grown aerobically on the medium described above except that the (NH4)2S04 was replaced by (NH4)2HP04 (1 g), the peptone concentration was 0.2 mg/ml, the pH was adjusted to 5.0 and 0.2 mCi of Na235SO4 (3 #sCi/#mol) was added. Cells (about 3 g wet wt.) were harvested, washed once with water, resuspended in 0.1 M-sodium phosphate buffer, pH 8.0, containing 10 mM-EDTA and 0.02 % NaN3 and disrupted in a Braun homogenizer (Gopal et al., 1982) . The debris was removed by centrifuging (1000 g for 10 min). The supernatant and resuspended pellet were re-centrifuged (1000 g for 10 min), and the combined supernatants (10 ml) were centrifuged at 60000 g for 90 min. The supernatant was made 60% (w/v) in urea and stored for at least 18 h at 4 'C. The denatured proteins were fractionated in two batches by gel-permeation chromatography at 4 'C on a Sephadex G-100 column (2.5 cm x 38 cm) in imidazole buffer (0.1 M-imidazole/HCl buffer, pH 6.6, containing 10 mM-EDTA and 0.02% NaN3). Protein that was excluded from the column was collected and stored at 4°C.
Denatured 13Hjacetylated bovine serum albumin. Denatured bovine serum albumin was acetylated at pH 8.0 as described by Levine et al. (1976) except that the pH was maintained by means of a pH-stat (end point set at 7.9).
Oxidized insulin B-chain. Insulin B-chain was prepared as described by Schuttler (1979 500,g of [3H] acetylated bovine serum albumin) in imidazole buffer (total volume 0.75 ml). Immediately after the addition of the enzyme, and again after 60 min incubation, 0.2 ml portions were mixed with 50,u of bovine serum albumin (20 mg/ml in water) and 0.25 ml of 15% (w/v) trichloroacetic acid.
These samples were stored on ice for about 30 min and then centrifuged at 4000 g for 10 min. Samples of the supernatant (0.1 ml) were taken and their radioactivities counted in duplicate. One unit of enzyme activity is 1 jtg of protein degraded per h. N-Blocked amino acid ester and amide substrates. All assays were carried out at 30 'C. Each assay mixture contained proteinase (5-10 1l), substrate in 10 ,u of solvent and acetate buffer (total volume 1.02 ml, except for the fluorescence assays, in which case it was 2 ml). Each reaction was monitored for 5-20 min, except for those substrates that were slowly hydrolysed, in which case the reaction was monitored for up to 60 min. The initial rate of hydrolysis of the p-nitrophenyl ester substrates was measured at 348 nm [e348 forp-nitrophenol 5500 M-1 cm-' (Visser & Blout, 1972) ] and were corrected for non-enzymic hydrolysis. For other substrates the wavelengths and absorption coefficients were:
Ac-L-Tyr-OEt, 237 nm (200 M-l cm-1); Ac-L-Tyr-NH2, 237 nm (220 M-1 cm-'); Bz-L-Ala-OMe, 255 nm (870 M-l cm-). The hydrolysis of a-Bz-L-Arg-OEt and a-Cbz-L-Arg-Nan was monitored at 253 nm and 410 nm respectively. The hydrolysis of Cbz-L-Leu-Nna and Bz-L-Leu-Nna was monitored by measuring the fluorescence of the free ,3-naphthylamine (excitation wavelength 340 nm; emission wavelength 410 nm).
Other substrates. Degradation of gelatin was measured by using a gel-plate assay method based on the method of Every (1981) . Azocoll degradation was measured in 0.1 M-sodium phosphate buffer, pH 6.6, containing 0.02% NaN3 as described by Schep et al. (1984) .
Purification of proteinase ycaB
Step 1. Yeast cells (300 g) were immersed in chloroform (150 ml) for about 12 min and then mixed with water (150 ml). The suspension was adjusted to pH 7.5 with 1 M-NaOH, stored at 4°C for 24 h and centrifuged at 4000 g for 10 min. The supernatant (270 ml) was adjusted to pH 5.0 with 1 M-HCI and made 0.2% in NaN3. After 15 h at 28°C (with stirring at 125 rev./min) the preparation was centrifuged (4000 g, 15 min) and yielded a clear supernatant (286 ml), the crude preparation.
Step 2. The crude preparation was dialysed against water at 4°C (2 x 9 litres over 3 h). NaCl (4 M) and 12 M-sodium acetate buffer, pH 4.0, were added to give final concentrations of 50 mM-sodium acetate and 130 mM-NaCl. This solution was mixed batchwise (20 min) with pre-equilibrated CM-Sephadex C-50 (20 g), and the gel was washed three times with buffer (400 ml). The proteinase was eluted batchwise (over 1.5 h) with three washes (400 ml each) of 1.5 M-sodium acetate buffer, pH 6.0, containing 1 mM-EDTA and 10% (v/v) glycerol.
Step 3. The preparation was applied to a column of Affi-Gel 501 (1.5 cm x 5.5 cm) at a flow rate of 80 ml/h. The column was then equilibrated with acetate buffer containing 200 mM-NaCl. The proteinase was eluted batchwise (30 min per wash) with eight washes (20 ml each) of 10 mM-HgCl2 in the equilibration buffer. The pooled supernatants were concentrated in a dialysis sac against poly(ethylene glycol) 20000 at 4°C and dialysed for 1 h against acetate buffer. When 3H-labelled enzyme was required the concentrated eluate was incubated with [3H]di-isopropyl phosphorofluoridate (160 nCi/nmol; 1.5 nmol/,ug of protein) for 7 days at 4 'C. Standard precautions (Cohen et al., 1967) were taken during the handling of di-isopropyl phosphorofluoridate.
Step 4. The [3H]di-isopropyl phosphorofluoridatetreated preparation was fractionated by gel-permeation chromatography on a column (7.5 mm x 60 mm) of TSK-gel G3000SW in 25 mM-imidazole/HCl buffer, pH 6.6, containing 10% (v/v) glycerol at a flow rate of 0.7 ml/min. Fractions (0.7 ml) that contained the radiolabelled proteinase were pooled (12 ml) and concentrated by partial freeze-drying.
Step 5. The preparation (3.4 ml) was applied to a column (4.5 mm x 70 mm) of Polybuffer exchanger (PBE 94 were pooled (3 ml) and partially freeze-dried.
Step 6. The concentrated eluate (0.9 ml) was fractionated on a TSK-gel G3000SW column (7.5 mm x 1200 mm) in 25 mM-imidazole/HCI buffer, pH 6.6, containing 1 mM-EDTA and 10% (v/v) glycerol at a flow rate of 0.4 ml/min. The radioactive fractions were pooled (6.4 ml), concentrated to 0.7 ml and stored at -80 'C.
RESULTS

Measurement of proteinase activity in crude preparations
The The difference between the coefficients ofvariation, tested as described by Sachs (1982) , is statistically significant at the 50% level.
Inhibitors of proteinase activity
Proteinase activity was inhibited approx. 95 o by phenylmethanesulphonyl fluoride (2 mM), p-chloromercuribenzoate (12 nmol/,sg of protein), HgCl2 (13 nmol/,ctg of protein) and chymostatin (8 ,cg/ml). Di-isopropyl phosphorofluoridate (12 mM) and leupeptin (240 ,ug/ml) also inhibited the enzyme (by 80% and 600% respectively). Enzyme activity was not affected by p-aminobenzamidine (5 mM), nitrilotriacetic acid (10 mM) or pepstatin (27 jig/ml). EDTA (9 mM) increased the proteinase activity (19%). The inhibition by p-chloromercuribenzoate and HgCl2 was reversed by the addition of thiol reagents (e.g. cysteine and mercaptoacetate) to the assay mixture. Mercaptoacetate (550 mM) gave 80% recovery of activity from the mercuri-proteinase preparation and had negligible effect on the native proteinase. Purification of proteinase ycaB Typical results of the purification are given in Table 1 . The crude preparations contained 20 mg of carbohydrate/ml and 0.2 mg ofprotein/ml, but more than 900 of the carbohydrate was removed by the CM-Sephadex step. The enzyme was eluted from Affi-Gel 501 with HgCl2 to prevent self-degradation (Kominami et al., 198 la) . Preliminary experiments showed that the partially purified mercuri-proteinase was stabilized by 10% (v/v) glycerol. To facilitate the detection of the proteinase in subsequent steps the mercuri-proteinase was labelled with [3H]di-isopropyl phosphorofluoridate. The extent of the inactivation was less than 10%. The elution volumes for the [3H]di-isopropyl phosphorofluoridate-labelled protein and untreated enzyme on the TSK-gel G3000SW column were identical. The proteinase was recovered from step 5 as a single peak (800% recovery of radioactivity), and subsequent gel-permeation chromatography (step 6) gave one peak of radiolabelled protein (95 o recovery) (results not shown). The overall purification (30-fold) omits the 100-fold increase in specific activity during step 1. The purification was conveniently monitored by the absorbance at 280 nm (Table 1) ; however, the purification based on these data (1500-fold) is misleading because the crude preparation contained nucleic acid. Properties of the purified proteinase At -80°C the purified mercuri-proteinase lost activity at the rate of 70 per month. The preparation showed one band after SDS/polyacrylamide-gel electrophoresis and staining with Coomassie Blue. Silver staining revealed up to nine other bands, which represented less than 10% of the total protein. More than 80% of the [3H]di-isopropyl phosphorofluoridate label was coincident with the main band (referred to below as band P). The remainder of the radioactivity migrated with a minor protein band, referred to below as band F (Mr 15000).
Incubation(30°C for 10 h)ofactivated [3H]di-isopropyl phosphorofluoridate-labelled proteinase resulted in the loss of over 750% of the enzyme activity. The amount of protein in band P decreased during the incubation, with a concomitant loss of radioactivity. No radioactivity was detected elsewhere in the gel.
Values obtained for the minimal Mr were 30000 + 2000 (S.D.) from SDS/polyacrylamide-gel electrophoresis, 34000 by TSK-gel-permeation chromatography and 21 000 with a Sephadex G-100 column.
The time course of degradation of the oxidized insulin B-chain (20 nmol) by the purified proteinase (0.2 pmol) was monitored by using reverse-phase chromatography. Two peptides were produced in equal amounts as the B-chain disappeared. These accounted for all of the B-chain in the incubation mixture. Other degradation products (less than 1 % ) were not detected until 95 0 of the B-chain had been degraded. N-Terminal and amino acid analyses showed that primary site of cleavage by proteinase ycaB was the Leu-Tyr peptide bond. At a higher proteinase/B-chain ratio (1: 400) more extensive degradation was observed (eight peaks by reverse-phase chromatography) after 1 h incubation at 37 'C. These peptides were not analysed. N-Blocked amino acid ester and amide substrates
The kinetics of hydrolysis of a series of p-nitrophenyl ester substrates was examined with partially purified proteinase (concentrated eluate from Affi-Gel 501 
Endogenous proteinase inhibitor
Degradation ofAzocoll by proteinase ycaB is inhibited by a heat-stable factor obtained from yeast cells of C. albicans. The amount of proteinase inhibitor in crude preparations was measured with the use of Cbz-Leu-ONp (10 /M) as substrate. One unit of proteinase inhibitor was defined as the amount of inhibitor preparation required to decrease the rate of hydrolysis of Cbz-Leu-ONp to 50% of that obtained in the absence of the inhibitor preparation. The crude inhibitor preparations contained between 0.04 and 0.1 unit of inhibitor/,ug of protein (early-stationary-phase and late-stationary-phase yeast cells grown on low-sulphate medium respectively). To establish that the inhibition of proteinase activity was not due to competition by a better substrate than that used to measure proteinase activity, the rate of degradation of a [35S]inhibitor preparation (2000 Enzyme activity was measured as described in the Experimental section with a partially purified proteinase preparation (concentrated eluate from Affi-Gel 501). Each preparation of active enzyme (see the Experimental section) contained less than 10,ug of protein, and the protein concentration was therefore calculated from the specific activity on 50 ,M-Cbz-Leu-ONp (0.1 pmol/s per ng). The active enzyme preparation was stored on ice, and under these conditions the loss of enzyme activity during the experiment (1% /h) was negligible. At the concentration used in these experiments the solvent, acetonitrile (1 % ), did not affect proteinase activity. degraded/h).
DISCUSSION
The present work has established a sensitive and reproducible radioassay method for proteinase ycaB and shown that it is to be preferred over the Azocoll assay method used for proteinase yscB (Saheki & Holzer, 1975; Kominami et al., 198 la) . On the basis of the physical and enzymic properties reported in the present work proteinase ycaB is almost indistinguishable from proteinase yscB. Proteinase activity in crude preparations was inhibited by typical inhibitors of yeast proteinase B (phenylmethanesulphonyl fluoride, di-isopropyl phosphorofluoridate, p-chloromercuribenzoate, HgCl2 and chymostatin). It was also partially inhibited by leupeptin, whereas Kominami et al. (1981a) found no inhibition of proteinase yscB. Proteinase activity was not inhibited by pepstatin, an inhibitor of the C. albicans extracellular aspartic proteinase (proteinase ycaA) (Ruchel, 1981) . Kominami et al. (1981a) inactivated proteinase yscB during the purification with HgC12 and subsequently re-activated the enzyme by treatment with 2-mercaptoethanol and chromatography. In the present work the procedure was simplified by adding mercaptoacetate directly to the assay mixture to activate the mercuriproteinase. The increase in proteinase specific activity (approx. 100-fold) during inactivation of the inhibitor (Kominami et al., 1981a) . The Mr value of proteinase ycaB (30000-34000) from SDS/polyacrylamide-gel electrophoresis and gelpermeation chromatography (TSK-gel) suggested that the native proteinase is a single polypeptide. This is consistent with the value (32000-33000) obtained for proteinase yscB (Kominami et al., 1981a) . The lower value obtained on Sephadex G-100 (Mr 21 000) probably results from interaction of the proteinase and the gel matrix. The Mr of proteinase ycaA is 45000 (Ruchel, 1981) . Band F (Mr 15000), which contained about 20% ofthe [3H]di-isopropyl phosphorofluoridate label, may be a di-isopropyl phosphorofluoridate-sensitive esterase that co-purified with the proteinase. Alternatively, specific but limited proteolytic cleavage of the native proteinase during the early stages of the purification could have generated nicked protein molecules (20% of the total preparation) that retained a near-native conformation (Magni et al., 1982) . The latter alternative is more likely, since a single peak of radioactivity was obtained on the final TSK-gel column (an esterase of Mr 15000 comprising 20% of the preparation should have been resolved from the proteinase and detected under these conditions).
The specificity of proteinase ycaB on the oxidized B-chain ofinsulin (Fig. 2) is distinctly different from those of trypsin (EC 3.4.21.4), chymotrypsin (EC 3.4.21.1), elastase (EC 3.4.21.11) and proteinase ycaA (Remold et al., 1968) . Proteinase yscB (at a substrate/enzyme ratio of 500:1) hydrolysed both Leu-I 5-Tyr-1 6 and Phe-25-Phe-26 peptide bonds (Kominami et al., 1981b) . The extracellular microbial serine proteinases (EC 3.4.21.14) thermomycolin and subtilisin specifically hydrolyse the Leu-1 5-Tyr-16 peptide bond. The specificity (at low enzyme/substrate ratios) of proteinase ycaB for the Leu-1 5-Tyr-1 6 peptide bond demonstrates that the enzyme has an extended substrate-binding site.
Kinetic analysis of the p-nitrophenyl ester substrates shows that the extended substrate-binding site involves at least three subsites (S2, S, and S'; see Fig. 3 ). The results obtained with Cbz-Ala-ONp (kcat./Km 825000 M-1 s-1) and Boc-Ala-ONp (keat./Km 333000 M-1 s-1) show that subsite S2 is important in determining the specificity of proteinase ycaB. With subtilisin the most specific substrates have an alanine residue in subsite S2 (Morihara, 1974) . For the insulin B-chain an alanine residue is in the S2 subsite during hydrolysis of the Leu-1 5-Tyr-16 peptide bond but not for the peptide bonds involving the other leucine residues.
Cbz-Tyr-ONp (kcat./Km 3536000 M-1 s-1), Cbz-LeuONp (kcat./Km 2250000 M-l s-) and Cbz-Phe-ONp (kcat./Km 1000000 M-l s-1) were the most specific N-blocked amino acid ester substrates for proteinase ycaB. The specificity for Cbz-Leu-ONp was expected from the results of the insulin B-chain experiment. The 2-fold-higher specificity for Cbz-Tyr-ONp may be due to strong binding of the nitrophenyl group in the subsite S' . The presence of a strongly bound nitrobenzyl leaving group in subsite S' is known to modify the specificity of elastase so that Ala-Ala-Ala-Leu-ONb is a better substrate than is Ala-Ala-Ala-Ala-ONb, whereas in the absence of the nitrobenzyl group alanine is the preferred amino acid residue for subsite S, (Atlas & Berger, 1972) .
The observation that Cbz-Leu-ONp is readily hydrolysed whereas Cbz-Leu-Nna is not hydrolysed provides further evidence that the size and nature of the leaving group (in the acylation step) is critical to the specificity of proteinase ycaB. That subsite S' might also have a critical role in the specificity of proteinase ycaB with respect to peptide substrates is suggested by an examination of the amino acid sequence of the oxidized insulin B-chain. If the B-chain is aligned with a tyrosine residue in position --P1 , then P' is either a'leucineora threonine resid-ue. With a leucine residue in position P1 then P'1 is either a valine or a S-sulphocysteine residue. Only with Leu-15 in P1 is an aromatic amino acid residue (tyrosine) in Pl.
